the MKLP1/CHO1-type kinesin, is one of the previously identified C. elegans spindle midzone components that is absolutely required for cytokinesis [2, 3]. In contrast, spd-1(oj5) embryos were able to divide properly and gave rise to a 2 cell embryo ( Figure 1L) (Figures 1Q-1X) , suggesting that depleted, there is no visible midzone, and only this the missense allele oj5 is a loss-of-function mutation. In furrow localization remains. SPD-1 differs from other addition, RNAi of spd-1 in spd-1(oj5) mutants at the midzone components in that it is essential for the innonpermissive temperature did not alter the phenotype tegrity of the midzone, yet not for cytokinesis. Also, of the embryos, suggesting that this phenotype repreit can localize to the midzone when other midzone sents a strong or complete loss of function (data not components are depleted, suggesting that SPD-1 may shown). play an early role in the pathway of midzone assembly.
Results and Discussion Subcellular Localization of SPD-1
To determine the localization of SPD-1 throughout the spd-1 Mutant Phenotype and Cloning cell cycle, we constructed a strain expressing SPDspd-1(oj5) is a temperature-sensitive maternal-effect 1::GFP in the early embryo [18, 19] . SPD-1::GFP initially embryonic-lethal mutation isolated in a screen for cell localized to pro-nuclei as they migrated and met in the division mutants [10] . When spd-1(oj5) homozygote herone cell embryo (Movie 3). Prior to visible nuclear breakmaphrodites were shifted to the restrictive temperature down, the signal in the nucleus began to diminish, and (25ЊC) at the L4 stage, they produced 100% dead emthere was a slight increase in cytoplasmic signal and a bryos [hereafter referred to as spd-1(oj5) embryos]. Usfaint accumulation of signal around the centrosomes. ing 4D (four-dimensional) Nomarski microscopy [11], we As the spindle assembled, there was a diffuse staining observed that the spindle in these embryos appeared on the spindle with a marked absence on chromosomes to bend or break during normal oscillations at anaphase at the metaphase plate. SPD-1 underwent a rapid mobiliin all divisions (Figures 1I-1K compared to 1A-1C; also zation after the metaphase-anaphase transition (Movie see Movies 1 and 2). During anaphase, the spindle devi-3). A bright signal appeared at the spindle midzone in ated an average 2.5Њ Ϯ 1.74Њ (mean Ϯ standard deviaa restricted region (Figures 2A and 2B ), similar to the tion) from linear (four embryos), whereas the spindle of region where other midzone components have been spd-1(oj5) embryos deviated an average 11.8Њ Ϯ 11.05Њ seen to localize [2-5, 7, 8]. We measured the length of (three embryos). This is reminiscent of the phenotype these structures and found that the SPD-1::GFP structhat resulted when we depleted embryos of ZEN-4 with tures (1.94 Ϯ 0.78 m, n ϭ 16, Figure S3A) tures (3.18 Ϯ 1.38 m, n ϭ 16) appeared in the cytoplasm shown). During anaphase, the bright accumulation of SPD-1 seen in the wild-type midzone was not detected; (Figures 2A-2C, Figure S3A ). These structures were not as bright as the structures associated with the midzone however, we did observe linear structures of SPD-1 in the cytoplasm and between spindle poles (Figures 2E-microtubules (Figures 2A and 2B; Figure S3B ). To determine whether these structures corresponded to micro-2G). These structures were longer and less intense than the spindle midzone accumulation in the wild-type and tubules, we fixed and stained embryos with GFP and tubulin antibodies and found that SPD-1::GFP colocalwere similar to the signal we observed associated with bundles of microtubules in the cytoplasm ( Figure S3 ). ized to microtubules along a part of their length (Figures 2M-2O and insets 2MЈ-2OЈ). We speculate that these are The phenotype obtained with the reduction of the chromosomal passengers was also similar (Figures 2I-2L ). probably bundles of anti-parallel microtubules because parallel microtubules would probably be zippered along These embryos were somewhat more difficult to interpret because of the failure of DNA segregation that the whole length of the asters, whereas we only observed shorter stretches of signal. SPD-1::GFP began occurs when expression of these genes is suppressed Microtubule Organization in spd-1 To examine the spindle defect in spd-1(oj5) mutants, gave identical phenotypes (Figures 2E-2H) . In both cases, there was no effect on SPD-1 localization to and we constructed a strain containing spd-1(oj5) and expressing ␤-tubulin::GFP (Green Fluorescent Protein) in release from the nucleus or on localization to the spindle prior to the metaphase-to-anaphase transition (data not early embryos [19] . In wild-type embryos, we observed a large number of microtubule bundles that compacted ability of spd-1(oj5) mutant embryos to divide is simply due to the presence of microtubules we cannot detect, in the spindle midzone ( Figure 3A and Movie 4) as the furrow ingressed to form a structure called the midbody we looked at embryos with a weaker zen-4(RNAi) phenotype ( Figures 3P-3R ). In these embryos, some microtu-( Figure 3B ). In spd-1(oj5) mutant embryos, these microtubule bundles were not observed at any time (Figures bules remained at anaphase ( Figure 3P ). These embryos still failed to divide ( Figure 3R ), indicating that the pres-3D and 3E; Movie 5). This was true for all early embryonic divisions, including EMS divisions (data not shown). We ence of midzone microtubules was not sufficient to allow the completion of cytokinesis. systematically scanned the focus in these embryos in order to verify that the midzone was not detectable. We In C. elegans embryos, spindle elongation during anaphase is the result of forces pulling the two poles apart confirmed this lack of visible microtubules with indirect immunofluorescence by using tubulin antibodies in fixed [20] . When the spindle midzone is removed by laser ablation or by zen-4 RNAi, the spindle elongates more embryos (Figures 3S and 3T) . RNAi of spd-1 in the spd-1(oj5) mutant embryos ( Figures 3J-3L is mechanically disrupted in spd-1(oj5) embryos and from RNAi by injection] exhibited the same broken-spinindicate that SPD-1 appears to be required to bundle dle phenotype and lack of midzone microtubule defects microtubules in vivo. They also suggest that cytokinesis as spd-1(oj5) embryos (Figures 3G-3I ). Similar to those can complete in most cells even when the spindle midin spd-1(oj5) embryos, the spindles in these embryos zone is highly disrupted. also showed exaggerated elongation ( Figure 3U ), indicating that the midzone was mechanically disrupted in these embryos as well. However, we rarely observed ZEN-4/CYK-4 Localization in spd-1 cytokinesis defects in EMS or any other cell in these In order to investigate how embryos with reduced spd-1 embryos, which were able to hatch and develop to adults were able to divide, even though they had severe spindle (data not shown). These observations suggest that the midzone defects, we looked at the localization of ZEN-4, spindle midzone may not be required for viability in a kinesin that localizes to the spindle midzone [2, 3]. We C. elegans. first created a strain containing spd-1(oj5) and expressWe found that a fraction of the spd-1(RNAi-f) ZEN-4:: ing a ZEN-4::GFP construct [8] . Unexpectedly, possibly GFP embryos were able to divide and hatch. In these because of overexpression, we found that embryos from embryos, ZEN-4::GFP was more conspicuously present this strain lacked any detectable ZEN-4::GFP signal and at the chromosomes ( Figure 4I compared to 4A) , localalways failed to divide at the first cell cycle (data not ized to microtubules that briefly remained in the spindle shown). Conversely, we found that the zen-4 mutant midzone early in anaphase ( Figure 4J ), but quickly disapheterozygote (but not homozygote) could rescue the peared from the midzone region during furrow inspd-1(oj5) lethality and cytokinesis defect, indicating a gression ( Figure 4K ). This observation is consistent with possible genetic interaction between zen-4 and spd-1.
Stills from a movie of wild-type (A-C), spd-1(oj5) (D-F), spd-1(RNAi-f) (G-I), spd-1(oj5) plus spd-1(RNAi) (J-L), zen-4(RNAi) (M-O), and a weak zen-4(RNAi) (P-R) embryo expressing ␤-tubulin GFP. In the wild-type, microtubules form bundles in the spindle midzone (A) as the furrow ingresses (B)
our observation that microtubules were diminished in In order to obtain successful first divisions in the the midzone at anaphase in cells with reduced spd-1 ZEN-4::GFP strain, we used RNAi by feeding [21] in order expression. However, we detected ZEN-4 at the cleavto deplete SPD-1, which gave a weaker phenotype. Emage furrow in cells with reduced spd-1 expression (Figbryos expressing also localized to the furrow (Figure 4C and inset; this some other pool, are sufficient to allow the completion of cytokinesis in the absence of a robust midzone. Allocalization has not previously been reported). The furrow localization was distinct from the midzone, which though we do not know if they localize to the furrow, we observed similar results by using RNAi knockdowns in C. elegans embryos is much narrower that the cell diameter and appears before the furrow comes in close of the chromosomal passengers air-2, bir-1, and icp-1 (n Ն 6). proximity to the midzone ( Figure 3A) . In contrast, we found that using RNAi to suppress expression of air-2
In summary, we have found that SPD-1 bundles microtubules during cell cleavage, even in the absence of that ZEN-4 and CYK-4 at the cleavage furrow, or in
